Nucleotide excision repair (NER) plays a central role in maintaining genomic integrity by detecting and repairing a wide variety of DNA lesions. Xeroderma pigmentosum complementation group A protein (XPA) is an essential component of the repair machinery, and it is thought to be involved in the initial step as a DNA damage recognition and͞or confirmation factor. Human replication protein A (RPA) and XPA have been reported to interact to form a DNA damage recognition complex with greater specificity for damaged DNA than XPA alone. The mechanism by which these two proteins recognize such a wide array of structures resulting from different types of DNA damage is not known. One possibility is that they recognize a common feature of the lesions, such as distortions of the helical backbone. We have tested this idea by determining whether human XPA and RPA proteins can recognize the helical distortions induced by a DNA triple helix, a noncanonical DNA structure that has been shown to induce DNA repair, mutagenesis, and recombination. We measured binding of XPA and RPA, together or separately, to substrates containing triplexes with three, two, or no strands covalently linked by psoralen conjugation and photoaddition. We found that RPA alone recognizes all covalent triplex structures, but also forms multivalent nonspecific DNA aggregates at higher concentrations. XPA by itself does not recognize the substrates, but it binds them in the presence of RPA. Addition of XPA decreases the nonspecific DNA aggregate formation. These results support the hypothesis that the NER machinery is targeted to helical distortions and demonstrate that RPA can recognize damaged DNA even without XPA.
B
ecause genome stability is critical for cell survival, extremely sensitive DNA repair mechanisms have evolved to protect the genome from both internal and external assaults. Defects in these repair mechanisms can lead to severe disorders such as xeroderma pigmentosum, ataxia telangiectasia, Fanconi anemia, and Bloom syndrome (reviewed in refs. [1] [2] [3] [4] [5] . One of the major consequences of these defects is an enhanced predisposition to cancer. It has been reported that 80-90% of human cancers are the result of DNA damage (6) .
Many types of DNA damage, spontaneous and induced, develop from both endogenous and exogenous sources. Exogenous damages, both chemical and physical, arise from exposure to UV and ionizing radiation and from natural and synthetic chemicals. Cellular metabolic processes lead to internal sources of DNA damage; for example, it is estimated that loss of a purine base (depurination) occurs at a rate of nearly 20,000 events per cell per day (7) .
In humans, different types of DNA damage are thought to be repaired by one of several mechanisms, including nucleotide excision repair (NER; reviewed in refs. 8 and 9) . NER removes covalent DNA lesions and is the only known mechanism for removing bulky DNA adducts in humans. The damaged base is removed by endonucleolytic cleavage of the phosphodiester bonds several bases away from the lesion on either side, resulting in the release of an oligonucleotide containing the damage, followed by repair synthesis and ligation (10) .
Although much is known about NER, very little is known about the first and rate-limiting step, DNA damage recognition. Several damage-recognition proteins have been identified by their preference for binding to damaged DNA, including the xeroderma pigmentosum complementation group A protein (XPA) and replication protein A (RPA) complex (11) (12) (13) (14) (15) and the xeroderma pigmentosum complementation group C protein (XPC) and human Rad23B protein (hHR23B) complex (16, 17) . Although the exact mechanisms by which these proteins recognize DNA damage are not understood, damage recognition signals have been proposed including defects in the DNA helical structure and modification of the DNA chemistry. Hess et al. (18) describe a ''bipartite'' model of DNA damage recognition that requires both structural distortions and chemical modifications to the DNA for a lesion to become a substrate for NER. We hypothesize that damaged DNA is recognized by conformational alterations in the helical structure at the site of damage. One approach to test this hypothesis is to use DNA substrates whose structures differ substantially from B-form DNA in protein-DNA interaction studies.
One class of such distorted substrates in which a wide range of structural variations can be readily introduced is triplex DNA. Triplex-forming oligonucleotides (TFOs) recognize and bind to specific sites in duplex DNA, forming a triple-stranded DNA helix. Studies of triplex structure by using circular dichroism, NMR, and x-ray crystallography (19) (20) (21) (22) (23) (24) (25) have revealed that binding of the third strand induces substantial structural distortions in the underlying duplex, so that the helical geometry more closely resembles A-form DNA, while maintaining the normal pattern of Watson-Crick hydrogen bonding.
In addition to their advantages as probes of the structural basis of damage recognition, the recognition and repair of triplex structures is of interest because of the growing use of TFOs to manipulate gene structure and function in vitro and in vivo (reviewed in ref. 26) . Recently, we have found that systemically administered TFOs can induce mutagenesis of a targeted gene in somatic cells of mice (27) . In addition, intermolecular triplex formation has been found to stimulate recombination in mammalian cells and cell-free extracts (28, 29) . Evidence suggests that the ability of triplexes to induce mutagenesis and recombination depends on the capacity of triplex structures to provoke DNA repair (28) (29) (30) . Moreover, it has been suggested that intramolecular triplex DNA structures may exist transiently in vivo and play a role in gene expression and genomic instability (31, 32) .
We report here results of experiments designed to determine the roles of XPA and RPA, separately and together, in the recognition of several structurally distinct DNA substrates, all containing triple helices. These experiments have revealed that RPA recognizes all covalent triplex structures tested, whereas XPA alone does not bind the substrates under our experimental conditions. RPA alone displays limited specificity in triplex recognition, but at high concentrations forms nonspecific aggregates with DNA, whose formation is inhibited by XPA. Thus, RPA and XPA work together as a complex to recognize the structural distortions common to all these triplex structures and to distinguish them from undamaged DNA, thus targeting them as substrates for NER.
Materials and Methods
Oligonucleotides. The sequences of the TFOs and duplex targets used in this study are shown in Fig. 1 . Psoralen was incorporated on the 5Ј end by using the derivative 2-
, from Glen Research (Sterling, VA) as described (33, 34) . The concentration of DNA was determined by UV absorbance at 260 nm.
DNA Substrates. A 188-bp EcoRI to SacI fragment containing the supFG1 triplex target site was isolated from plasmid, pSupFG1 (35) . Oligonucleotides (57 nucleotides) corresponding to the supFG1 sequence were annealed in a 1:1 molar ratio to form the synthetic target duplex at a final concentration of 5 ϫ 10 Ϫ6 M (Fig. 1C) . For the adenine phosphoribosyltransferase (APRT) site, a 196 EcoRV to PvuII plasmid fragment containing the APRT intron 1 target site was isolated from plasmid, pGS37 (36) . A 38-bp synthetic duplex was formed by annealing complementary strands in a 1:1 molar ratio. The duplexes were 5Ј-end-labeled with T4 polynucleotide kinase and [␥- 32 P]ATP, gel purified, and quantified by UV absorbance at 260 nm.
Psoralen-TFO Photoadduct Formation. Triplex structures were formed by incubating radiolabeled duplexes (5 ϫ 10 Ϫ7 M) with TFOs (5 ϫ 10 Ϫ7 M) in a buffer containing 10 mM Tris⅐HCl, pH 7.6, 10 mM MgCl 2 , and 10% (vol͞vol) glycerol at 37°C for 16 h. Psoralen-TFOs were then UVA irradiated (1.8 J͞cm 2 , unless indicated otherwise) to form monoadducts or crosslinks at the triplex-duplex junction. Similarly, radiolabeled duplex DNA was incubated with free HMT before UVA treatment to form psoralen monoadducts and crosslinks in the absence of triplex formation. The resulting substrates were then either used in protein-binding assays as described below, or were subjected to denaturing gel electrophoresis (15% polyacrylamide gels, TBE, 7 M urea) to separate the psoralen-adducted substrates from free duplex or triplex DNA. To determine efficiency of photoadduct formation, gels were dried and radioactivity in each band measured by using a PhosphorImager (Molecular Dynamics).
Protein Synthesis and Purification. The XPA-maltose-binding protein fusion protein was expressed in Escherichia coli PR745 from pMAL constructs (37) . Protein expression was induced with isopropyl-␤-D-thiogalactoside, cells were lysed by sonication, and the fusion protein purified by affinity chromatography on amylose resin according to manufacturer's instructions (New England Biolabs). The three-subunit histidine-tagged RPA complex (38) was expressed by coinfection of Sf9 cells at a multiplicity of infection of 5 for His-RPA1 and RPA2 baculoviruses and a multiplicity of infection of 10 for the RPA3 baculovirus. The infected cells were harvested, and the expressed complex was purified by Ni 2ϩ -chelate chromatography as described (38) and further purified by salt gradient elution from a Mono-Q FPLC column. Recombinant XPA and RPA were approximately 95% pure as judged by SDSpolyacrylamide gel electrophoresis and Coomassie brilliant blue staining.
Binding Assays. Duplex and triplex substrates were prepared as described above, with or without photoadduct formation. Proteins were preincubated in a buffer containing 25 mM Hepes, pH 7.0, 50 mM KCl, 5 mM MgCl 2 , 0.7 g BSA, 10% (vol͞vol) glycerol, 0.5 mM DTT, 0.01% Nonidet P-40 in a 20-l reaction volume at 30°C for 10 min. XPA was added at 100 ng and RPA at 10 ng for all reactions unless indicated otherwise. Radiolabeled triplex or duplex DNA substrates (at 5 ϫ 10 Ϫ8 M) were then added to the proteins in the same buffer and incubated for the indicated times at 30°C. The samples were then subjected to native polyacrylamide gel electrophoresis on 4% or 6% gels (29:1 acrylamide:bis) buffered in TBE and 4% glycerol. Gels were run at 4°C for Ϸ2 h at 25 mA, dried, and visualized by autoradiography.
Supershift Analyses. Samples were incubated for 30 min as described above, and then antibodies against XPA (described in ref. 29) or RPA (NeoMarkers, Fremont, CA) were added to the appropriate samples and further incubated for 20 min at 30°C. The samples were then subjected to gel electrophoresis as described above, dried, and visualized by autoradiography.
Protein-Protein Interaction Assays. Protein-protein interactions were analyzed by an ELISA. Ninety-six-well plates were incubated overnight at 4°C with 1.5 g of purified protein in PBS as indicated in the legend (see Fig. 7C ), washed in PBS, blocked overnight in PBS containing 3% BSA, and washed in PBS. The coated plates were incubated with increasing amounts of purified XPA for 1 h at 4°C in PBS containing 0.1% BSA followed by washes with PBS. Bound XPA was detected by incubation for 45 min with a 1:1000 dilution of an anti-XPA antibody (described in ref. 29) . Bound antibody was detected by a horseradish peroxidase-coupled goat anti-rabbit IgG conjugate according to the manufacturer's instructions (Dako, Glostrup, Denmark). Optical densities were read at 490 nm. 
Results
Recognition of Triplex Structures by Human RPA and XPA Proteins. To determine whether triple helical structures are substrates for NER, 32 P-labeled DNA triplex substrates of 196 bp were incubated with recombinant RPA and XPA proteins. We chose to study protein binding to the high-affinity triplex-forming site in intron 1 of the hamster APRT gene (Fig. 1 A) that we had characterized (33, 36) . A psoralen-modified TFO was used to form covalent psoralenmonoadducted triplex structures after treatment with UVA irradiation. In this structure, the psoralen is conjugated to the 5Ј end of the TFO and forms a psoralen monoadduct with a thymidine on one strand of the target duplex (see Fig. 1 A) . As shown in Fig. 2 , RPA (at 4 ϫ 10 Ϫ9 M) binds psoralen-monoadducted triplex DNA specifically and with high affinity, and the shifted band seems to run similarly in the presence of both RPA (at 4 ϫ 10 Ϫ9 M) and XPA (at 6 ϫ 10 Ϫ8 M). In contrast, binding of RPA or both RPA and XPA to the duplex DNA substrate or the psoralen-adducted duplex structure is not detectable under the conditions of the assay (see Fig. 2 , lanes 1-4 and 13-16, respectively). XPA alone does not shift the mobility of either duplex or triplex. The third strand is clearly an important element of the RPA-DNA recognition because simply crosslinking the duplex with free psoralen (HMT) in the absence of a TFO, does not lead to the highly specific binding observed with the triple helix (Fig. 2, compare lanes 5-8 with lanes 13-16) , despite the formation of both monoadducts and crosslinks on the target duplex DNA after incubation with HMT and irradiation with UVA, as confirmed by denaturing gel electrophoresis (data not shown). The 196-bp duplex fragment containing the APRT triplex target site contains seven potential psoralen-crosslinking sites including the triplex-targeted site at the triplex-duplex junction, yet the HMT-duplex DNA substrate is not bound by XPA or RPA in the absence of triplex formation. The presence of a control oligonucleotide incapable of forming a triplex structure with this duplex yields a result essentially identical to that obtained with duplex alone (Fig. 2, compare lanes 1-4 with 9-12 ).
Concentration Dependence of RPA Binding to Triplex DNA. To determine the strength of RPA recognition for triplex substrates, we varied RPA concentrations across a range spanning three orders of magnitude (Fig. 3) , from 40 pM to 40 nM. Binding to the covalent triplex structure was detected at RPA concentrations as low as 0.4 nM, and was half-maximal at concentrations between 0.4 nM and 4 nM. In the absence of XPA, RPA (at 4 ϫ 10 Ϫ8 M) formed large DNA aggregates that failed to enter the gel, characteristic of nonspecific DNA binding, but this binding is reduced in the presence of XPA (at 6 ϫ 10 Ϫ8 M). In contrast, binding of RPA to a psoralen-monoadducted triplex structure is not diminished by XPA, so that the net effect of XPA is an enhancement of the formation of the lower-mobility-specific RPA-triplex complex (Fig.  3, compare lanes 14 and 18) which, as discussed below, likely also includes bound XPA. These results underscore the ability of RPA to recognize a triple-helical substrate with high affinity, and the ability of XPA to affect complex formation, likely through binding to RPA in a way that inhibits nonspecific aggregate formation.
To better understand the effect of XPA on preventing the DNA-dependent aggregation of RPA at high concentrations, we performed order-of-addition experiments by either preincubating RPA with XPA before addition of DNA substrate, or by allowing RPA to interact with DNA first, and then adding XPA. The results seemed similar regardless of when XPA was added (data not shown), suggesting that the DNA-RPA aggregation effect is both preventable and reversible by addition of XPA, consistent with results shown in Fig. 3 .
Recognition of Psoralen-Crosslinked Triplex Structures by XPA and
RPA. Although RPA clearly recognizes psoralen-monoadducted triplex structures, we were interested in determining its potential to bind a more helix-distorting lesion, a psoralen-crosslinked triplex. In this structure, the psoralen is conjugated to the TFO and also forms photoadducts on both strands of the duplex, thereby crosslinking them, so that all three strands of the triplex are covalently linked (see Fig. 1B ). Because the 196-bp substrate contains a 5Ј TG at the triplex-duplex junction that has been shown to form predominantly psoralen monoadducts (33), we used a modified plasmid fragment containing a 5Ј TA (APRT-TA, Fig. 1B) at the triplex-duplex junction that is capable of forming psoralen crosslinks with high efficiency (33) . Again, RPA bound the triplex DNA substrate with high affinity (Fig. 4A ) and specificity. By itself, XPA does not bind substantially to the substrate. Just less than half of the psoralencrosslinked triplex was bound by RPA at a concentration of 4 ϫ 10 Ϫ9 M, indicating a similar affinity for a psoralen-crosslinked triplex as compared with the psoralen-monoadducted triplex substrate. At this low concentration of RPA, there is relatively little nonspecific binding to duplex, and those complexes that form seem to dissociate during electrophoresis, resulting in a smear of radio- activity (Fig. 4A, lane 2) . Nonetheless, this weak nonspecific binding is again diminished by addition of XPA (Fig. 4A, lane 3) . Binding to noncovalent triplex was not observed for either RPA alone, or the XPA-RPA complex, although the triplex likely dissociates under the conditions of the gel shift assay. Because the triplex ϩ UV substrate was formed with high efficiency, we wanted to determine the specificity of RPA binding to covalent triplex DNA substrate when both triplex and duplex DNA substrates were present. Thus, in Fig. 4B , we subjected the preformed triplex to a lower dose of UVA irradiation (0.18 J͞cm 2 ) so that less than 50% of the duplex was psoralen-TFO conjugated. As shown in Fig. 4B , lanes 7 and 8, RPA alone and the XPA-RPA complex seemed to specifically shift DNA substrate from the triplex substrate (the upper band in the radiolabeled substrate), demonstrating a triplexspecific interaction with the DNA repair proteins.
Recognition of Short Triplexes by XPA and RPA. To determine whether binding of XPA and RPA to triplex structures is limited by substrate length, we tested their ability to bind the same APRT triplex-binding site, but with a short (37-bp) synthetic target duplex. We assessed protein binding to the triplex substrates by using radiolabeled 37-bp duplexes containing the APRT triplex target site with a 5Ј TG or a 5Ј TA at the triplex-duplex junction (see Fig. 1 A and B) after the formation of psoralen monoadducts or crosslinks, respectively. As shown in Fig. 5A , the psoralen-monoadducted triplex was recognized by XPA and RPA specifically, and with high affinity, similar to their affinity for the longer 196-bp DNA substrate. Again, the psoralen-crosslinked triplex was recognized by the proteins with a similar affinity to that of the monoadducted triplex (Fig. 5B) . Although RPA clearly recognizes the APRT triplex structure on both long and short substrates, we considered the possibility that these effects were unique to that particular triplex site. To address this question we tested a triplex formed on a different TFO-recognition site, the supFG1 triplex site, which has been well characterized (27, 30, 34, 35) . Triplexes formed at this site are thought to be substrates for NER (28) (29) (30) . We used a radiolabeled 188-bp plasmid fragment containing a 5Ј AT psoralen crosslinking site at the triplex-duplex junction (Fig. 1C) as the test substrate under the same binding conditions as those used for the APRT triplex substrates. The results shown in Fig.  6 indicate that for this DNA substrate RPA, and the XPA-RPA complex (see below) bind with high affinity and specificity to the psoralen-crosslinked triplex only, consistent with our observations with the APRT triplex substrate (see Fig. 4 ).
Presence of XPA in the Mobility-Shifted DNA-RPA Complex. To test both DNA length limitations on XPA and RPA binding to the supFG1 triplex and to confirm the presence of the proteins in the shifted DNA complexes, we used a short synthetic duplex as the target substrate for electrophoretic mobility shift assays (EMSA) and antibody-supershifting experiments. The results of XPA and RPA binding to the 57-bp duplex target in the presence of the 30 base TFO with psoralen crosslinks are shown in Fig. 7A . Again, the short length of the substrate does not appear to hinder binding by the proteins to the triplex structures, consistent with the results from the APRT triplexes. Addition of XPA-specific antibodies gives rise to a distinct supershift of the XPA-RPA-DNA complex, as shown in Fig. 7 . Although XPA binding to the RPA-DNA complex does not by itself induce a further shift in mobility, likely because the mass-to-charge ratio of the complex is unchanged upon binding of the negatively charged XPA, the The 196-bp modified APRT site (APRT-TA) containing a 5Ј TA at the triplex-duplex junction was incubated with the specific psoralen-modified TFO, pTFO1, in the presence or absence of UVA irradiation to form a psoralen-crosslinked triple helix substrate (listed as triplex ϩ UV) or a noncovalent triplex substrate (triplex Ϫ UV). Duplex APRT-TA also was incubated with the specificity control psoralen-modified oligonucleotide, pTFOc, (control TFO lanes) and substrates were incubated with RPA and XPA. The samples were subjected to EMSA analyses. All DNA substrates were at a concentration of 5 ϫ 10 Ϫ8 M. (B) The reactions were performed as in A, only the UVA irradiation dose was decreased to 0.18 J͞cm 2 so that crosslinked-triplex DNA substrate constituted less than half of the available DNA substrate in the triplex ϩ UV lanes. 5 . Binding of XPA and RPA proteins to short covalent triplex substrates. (A) The psoralen-modified TFOs were incubated with a radiolabeled 37-bp duplex substrate containing the APRT intron 1 site to form a triplex of 19 base triplets (5 ϫ 10 Ϫ8 M). Triplex ϩ UV lanes indicate a psoralen-monoadducted triplex substrate incubated with XPA and RPA. Control TFO samples were incubated with the specificity control oligonucleotide (pTFOc). Samples were analyzed by EMSA after incubation with proteins. (B) The modified APRT site (APRT-TA) incorporated into a 37-bp synthetic duplex was incubated with pTFO1 to form a psoralen-crosslinked triplex substrate (triplex ϩ UV lanes). Reactions with XPA and RPA were performed as described in A. Control TFO lanes indicate the 37-bp duplex incubated with the specificity control oligonucleotide, pTFOc that does not bind the triplex target site.
XPA-dependent supershifting effect of XPA antibodies implies that XPA must be present in the protein DNA complex. RPA antibodies, in contrast, did not induce supershifts ( Fig. 7 A and  B) . Rather, they diminished slightly the amount of shifted RPA-DNA complexes, indicating that antibody binding may interfere with the damage recognition site on RPA.
XPA and RPA Binding in the Absence of DNA. To test whether our preparations of recombinant proteins interact as expected, we performed ELISA analysis with the purified proteins used in the studies described in this work and the XPA-specific antibody. As demonstrated in Fig. 7C , XPA binds tightly to immobilized RPA but not to the control proteins BSA and proliferating cell nuclear antigen (PCNA). This result is consistent with our conclusion that in the presence of XPA, RPA binds triplex DNA as an XPA-RPA complex.
Discussion
Triplexes and NER. Previous work has provided indirect evidence for the recognition of triplex DNA structures by the NER machinery. For example, we have demonstrated triplex-induced mutagenesis in the supFG1 reporter gene on plasmids, on chromosomal targets in cells, and in transgenic mice (27, 34, 35) , but when TFOs were targeted to a plasmid substrate in NER-deficient XPA cells, no induction of mutagenesis was detected (30) . This result suggested a requirement for NER in the triplex-directed mutagenic pathway. However, the mechanisms for triplex recognition are not known, and no direct evidence for triplex binding by NER proteins exists. In this study, we have obtained direct evidence for recognition of triplexes by the human XPA-RPA repair complex and uncovered a distinct role for each of these repair proteins. RPA binds to triplexes with high affinity, with or without XPA, whereas XPA binds only in conjunction with RPA, but contributes to specificity by selectively diminishing nonspecific binding and͞or aggregation of RPA to undamaged DNA. Psoralen monoadducts and crosslinks are, at least in part, recognized and repaired by NER in human cells (39) (40) (41) (42) (43) (44) (45) (46) . Psoralen monoadducts are somewhat helix-stabilizing, whereas crosslinks are helix-destabilizing (47, 48) . If XPA and RPA recognize helical distortions, then we would not expect a psoralen monoadduct to be recognized with the same efficiency as a psoralen crosslink. However, we found that neither a psoralen monoadduct nor crosslink are recognized by XPA or RPA under the conditions of our assay in the absence of the third strand TFO, which suggests that the triplex structure itself provides a strong damaged DNA signal to the NER machinery. Because the gel-mobility shift assay did not detect binding of XPA or RPA to the noncovalent triplex DNA alone, the covalent attachment of the third strand to the underlying duplex via psoralen may be necessary to maintain the integrity of the triplex structure in the presence of the proteins and the binding buffer used in these studies. For example, high levels of potassium are known to inhibit triplex formation (36, 49) , and in our studies inclusion of potassium in the buffer was necessary for stable protein-DNAbinding interactions. Alternatively, the addition of the psoralen monoadduct or crosslink at the triplex-duplex junction may induce a greater distortion to the DNA helix than either the triplex or psoralen photoadducts alone, thus providing a stronger signal to the DNA damage recognition proteins.
Substrate Length Independence of Binding by RPA and the XPA-RPA Complex. It has been suggested that a minimum length of DNA for efficient cleavage by the excision nuclease of the NER machinery is near 100 bp (50) . To determine whether the size and structure of the DNA substrate would pose a limit to triplex recognition by the XPA-RPA complex, we measured the binding of XPA and RPA to two different triplexes, formed on targets presented by short synthetic duplexes (37 bp or 57 bp) or on longer (188 bp or 196 bp) plasmid fragments. We found no substantial length-dependent differences in the binding affinities of RPA to the triplex structures in this range. Several differences occur between the triplex sites, including the length and sequence of the triplex itself and the sequence context surrounding the triplex target site. Because the APRT and supFG1 triplexes were recognized with near equal affinities by XPA and RPA, perhaps it is the overall distortion in the helix or the reverse Hoogsteen hydrogen-bonding pattern that is being recognized by NER, regardless of the length or sequence of the individual triplex.
RPA Binds Triple-Stranded DNA Structures. In humans, the RPA protein is involved in many aspects of DNA metabolism including DNA repair, recombination, and replication (reviewed in ref. 51 ). RPA has a strong preference for binding to single-stranded DNA, but also has an affinity for double-stranded DNA. We have now demonstrated that RPA can also recognize and bind to triplestranded DNA structures, which may be of utility in the cell where H-DNA (intramolecular triplexes) structures are thought to form transiently during DNA metabolic processes such as transcription and may play a role in certain human hereditary disorders (32) .
DNA Damage Recognition.
We have demonstrated the recognition of triplex structures by the NER damage recognition complex, XPA-RPA. This finding expands our understanding of both the recognition of distorted DNA structures by NER, and the processing of triplexes by NER that may contribute to the triplex-induced mutagenesis reported by our group and others (27, 30, 34, 35, (52) (53) (54) (55) (56) (57) (58) . In addition, both in vitro and in vivo studies have revealed a role for XPA in the induction of recombination by triple helix formation (28, 29) . The results presented here support the proposed model in which the triplex is recognized by XPA-RPA, leading to DNA repair activity that generates recombination intermediates.
Stability of the triplex structure is afforded by Hoogsteen (or reverse Hoogsteen) hydrogen bond formation through the major groove by the nucleotides on the TFO pairing with the purine-rich strand of the underlying duplex. Thus, in addition to the helical distortions produced upon triplex formation, the hydrogen-bonding pattern is altered as well (the Watson-Crick hydrogen bonds in the underlying duplex are not disrupted). Our results indicate that the XPA-RPA complex may recruit the NER machinery to sites of triplex-induced helical distortions, and the Hoogsteen hydrogen bonds, as well as the third strand itself, may play a role in the recognition process. This finding is consistent with a ''bipartite'' recognition model (18) in that a triplex structure produces both a distortion of the DNA structure and a modification of the DNA chemistry. Further studies are required to determine the physical and chemical details of the recognition signal(s) in human NER.
The mechanism involved in the initial damage recognition step is currently being studied (reviewed in ref. 59) , and much discussion still goes on as to which protein or protein complex is the first to recognize and bind to damaged DNA. The kinetic interactions of the XPA-RPA complex and the XPC-hHR23B complex with damaged DNA and with each other have yet to be clearly elucidated. For example, a previous report has suggested, on the basis of order-of-addition experiments, that XPC may be the initial damage recognition protein, with XPA and RPA acting as damage verification proteins subsequent to XPC binding (17) . Additional studies will be needed to determine the contribution of XPC to recognition of unusual DNA structures, including triplex structures.
